Introduction molecules underlying axon-glial interactions and participating in the organization of the underlying cytoskeleton In vertebrates, many nerve fibers are myelinated, alremain unknown. lowing a dramatic acceleration of action potential propaHere, we describe a 180 kDa transmembrane neuronal gation without excessive increase in caliber (reviewed glycoprotein that we purified and cloned from adult rat by Hildebrand et al., 1993) . The formation of the myelin brain. It contains a single transmembrane domain, a sheath results from highly specialized interactions belarge extracellular domain related to neurexins, and a tween axons and myelinating glial cells, which are oligoshort intracellular domain able to bind the brain isoform dendrocytes in the CNS and Schwann cells in the PNS.
of protein 4.1. Since this protein is highly concentrated When myelination is complete, a complex relationship in the axonal membrane facing myelinating glial cells in is stably established between axonal membrane and paranodal regions of both the CNS and PNS, we have glial cells: adjacent segments of myelin are regularly called it paranodin. separated by nodes of Ranvier, at the level of which voltage-dependent Na ϩ channels are highly enriched, Results were detected by Coomasie blue stain. Although complete elution of paranodin from the resin required the presence of SDS at 100ЊC, its binding to ConA sepharose was specific since it was fully completed by an excess of free mannopyranoside (data not shown).
Purification and Cloning of Paranodin
have characterized a major concanavalin A (ConA)-1989). The extracellular domain of paranodin, thus defined, contained 17 consensus sites for N glycosylation binding protein (a lectin that binds mannose-rich oligosaccharides, Figure 1A ). The insolubility of this protein, (Figure 2A ). The biochemical properties of paranodin and the features of its deduced sequence suggest that which required an ionic detergent (N-lauryl sarcosine) for its complete extraction ( Figure 1B , and data not it is an integral membrane glycoprotein with a large extracellular domain, a single transmembrane domain, shown), suggested that it was membrane associated and strongly interacting with other proteins. The 180 and a 74 amino acid cytoplasmic domain. kDa glycoprotein was partly purified by ConA affinity chromatography ( Figure 1B) , and the sequence of 10 Domain Structure of Paranodin The predicted sequence of paranodin contains several tryptic peptides was obtained. Rat cDNAs coding for this protein were isolated by screening a striatal library domains of homology with other proteins ( Figure 2C ). A factor VIII domain (35% identity) is located between with a probe derived from the longest peptide. The two longest clones obtained overlapped and span 5370 residues 41 and 169. Such domains, related to the slime mold lectin discoidin, are thought to interact with spebases, which included an open reading frame of 4143 bases, 141 bases of 5Ј non-coding regions and the comcific ligands, and are found in the extracellular region of several proteins, including A5, a neuronal recognition plete 3Ј non-coding region (GenBank accession No. AF000114). The open reading frame encoded for a 1381 molecule (Takagi et al., 1991) , and DDR, a tyrosine kinase (Johnson et al., 1993) . Paranodin contains two epiamino acid protein with a predicted molecular weight of 155,692, which encompassed all of the microsequenced dermal growth factor (EGF)-like cysteine-rich domains (residues 540-580; 968-998) and five regions related to peptides (Figure 2A ). The hydropathy plot showed only two highly hydrophobic regions ( Figure 2B ): one at the laminin-G domains (located between residues 178-539, 581-967, and 1128-1253) . The arrangement of one EGF amino-terminal end, followed by a consensus signal peptide cleavage site between positions 20 and 21 (von domain flanked by two laminin-G domains is also found in ␣ neurexins, the extracellular region of which consists Heijne, 1986) ; the other (residues 1282-1307) corresponding to a putative transmembrane domain close to of three of these combined domains ( Figure 2C ). Neurexins, which can exist under multiple isoforms, have been the carboxy-terminus. The distribution of charged amino acids near both ends of the transmembrane domain was postulated to be involved in interactions between neurons and other cells and/or extracellular matrix (Ushkarcompatible with its predicted orientation in the membrane, with the amino terminal outside of the cell, and yov et al., 1992; Ullrich et al., 1995) . The laminin G-EGF domains of paranodin display 21%-27% identity with the carboxy terminal in the cytoplasm (Hartmann et al., . Signal peptides and transmembrane domains are in black, laminin-G domains are lightly shaded, and EGF-like cysteine-rich domains are darkly shaded. Paranodin and NRX contain also an amino-terminal discoidin domain (DS) and a conserved motif homologous to the 4.1 binding domain of glycophorin C (horizontal stripes). Two prolinerich regions are specific for paranodin: one is located in the extracellular moiety of the protein and contains Pro-Gly-Tyr repeats (PGY), the other is carboxy-terminal (diagonal stripes). (D) Local sequence comparison of rat paranodin, human erythrocytes glycophorin C, and Drosophila NRX. The carboxy-terminal extremity of the transmembrane domain is in italics, and the residues conserved in all three proteins are boldface. The sequence of a peptide that was found to be sufficient to complete the binding of glycophorin C to protein 4.1 is underlined. those of neurexins. In addition, paranodin contains a 1995), which links the actin-spectrin cortical cytoskeleton to the membrane in these cells. Finally, the carboxynovel proline-rich region (residues 1078-1127), consisting of 10 imperfect repetitions of a tripeptide (Proterminal domain of paranodin comprises a highly proline-rich sequence (residues 1334-1372; 39% prolines) Gly-Tyr) separated by one or two variable amino acids (PGY repeats). This domain is inserted in the membranepossibly involved in protein-protein interactions (Pawson, 1995) . proximal neurexin-like region, between the EGF domain and its carboxy-terminal flanking laminin-G domain (Fig- Several human expressed sequence tags (GenBank accession Nos. U17976, T27170, U18000, U17905, and ure 2C).
The putative intracellular region of paranodin (resi-U18017), localized in 17q21, have a high degree of nucleotide identity (Ͼ80%) with corresponding stretches in dues 1308-1381) contains a short membrane-proximal segment, which displays a striking homology (10 resithe paranodin cDNA sequence, strongly suggesting that they code for human paranodin. In addition, the domain dues in a stretch of 14 are identical) with the sequence located at a similar position in a protein of red blood organization and primary sequence of paranodin are homologous to that of a Drosophila gene product recell membranes, glycophorin C ( Figure 2D ). This region of glycophorin C is responsible for the binding of erythcently identified during a screen for neurexin-related proteins (29.5% identity in a 1334 amino acid overlap), rocyte protein 4.1 (Hemming et al., 1994 ; Marfatia et al., (C) To examine the extractability of paranodin, rat brain was homogenized in a hypotonic buffer, and the pellet (Ho) was collected by ultracentrifugation (100,000 ϫ g for 1 hr). This insoluble material was incubated in a buffer containing either a high salt concentration (NaCl, 1 M), or a nonionic detergent (Triton X-100, 1% w/v) or an ionic detergent N-Lauryl-Sarcosine (1% w/v). For each extraction condition, the pellet (P) and supernatant (S) were separated by ultracentrifugation. Aliquots of all samples were analyzed by immunoblot with SL51 and ConA overlay. and called neurexin IV or NRX (Baumgartner et al., 1996 (Baumgartner et al., ). 1994 , we tested whether paranodin could bind protein 4.1. Partially purified protein 4.1 from Like paranodin, NRX contains a discoidin/factor VIII domain, two neurexin domains, a single transmembrane rabbit erythrocytes was precipitated by beads bearing GST-PN (i.e., including the putative cytoplasmic domain domain, and a cytoplasmic juxtamembrane glycophorin C-related sequence ( Figure 2C ). However, paranodin of paranodin), but not by beads with GST alone ( Figure  4 , left lane). The same results were obtained using a differs from NRX by the presence of the extracellular PGY repeat, and a carboxy-terminal proline-rich region.
crude preparation of protein 4.1 from rat brain ( Figure  4 , right lane). The short region of homology between Moreover, in contrast to paranodin, NRX does not appear to be highly glycosylated.
glycophorin C and paranodin was the important site for this interaction, since a GST fusion protein comprising only this domain could bind protein 4.1, whereas a GST Biochemical Characterization of Paranodin A rabbit antiserum (SL51) raised against a glutathione fusion protein comprising the carboxy-terminal prolinerich region could not (T. G. and J.-A. G., unpublished S-transferase (GST) fusion protein containing the putative cytoplasmic domain of paranodin (GST-PN) reacted data). These results demonstrate that paranodin could be, via protein 4.1, a neuronal membrane anchor for with a 180 kDa protein in rat brain ( Figure 3A ). Following treatment with endoglycosidase F, the apparent moleccytoskeleton-associated proteins. ular weight of paranodin was shifted to 155,000, in good agreement with the prediction of 153,444 after cleavage
Expression of Paranodin in Rat CNS
A Northern blot analysis of rat tissues showed a single of the signal peptide. When expressed in Cos 7 cells, paranodin was glycosylated and comigrated with the mRNA band at ‫5.5ف‬ kb in brain, but not in other adult rat tissues ( Figure 5A ). This size is in good agreement brain 180 kDa glycoprotein ( Figure 3B ). Finally, the characteristics of extractability of paranodin from adult rat with the 5370 bases of the paranodin cDNA sequence deduced from clones 9A and 12A. Western blot analysis brain were identical to those of the 180 kDa ConA-binding protein ( Figure 3C ). Together, these data indicate of various adult rat tissues confirmed that the CNS, including spinal cord, is the main expression site of that paranodin is a major component of brain 180 kDa glycoprotein.
paranodin ( Figure 5B ).
Analysis of Paranodin Expression in the Nervous Binding of Protein 4.1 to the Cytoplasmic Domain of Paranodin System by In Situ Hybridization
In adult rats and mice, in situ hybridization with antiSince a strong local sequence homology between paranodin and glycophorin C occurs exactly in the protein sense riboprobes to paranodin showed a specific expression of the gene in neurons throughout the CNS. In 4.1-binding region of glycophorin C (Hemming et al., Sepharose-glutathione beads bearing either GST, or a GST fusion protein containing the cytoplasmic domain of paranodin (GST-PN), were incubated with rabbit red blood cells extract (load, left lane) or rat brain extract (load, right lane) enriched in protein 4.1. After washing, the bound proteins were eluted in 1% SDS at 100ЊC, resolved by 10% SDSpolyacrylamide gel electrophoresis gel, and analyzed by immunoblotting with an antibody against protein 4.1. Protein 4.1 appeared as multiple bands on the load fractions due to the length of exposure, revealing multiple isoforms of the protein.
the telencephalon, labeling was visible over all cortical a thin line of label extended from the paranode, probably facing the internal mesaxon ( Figure 7A ). Double labeling layers, striatum, hippocampus, thalamus, hypothalamus, and amygdala (data not shown). Paranodin mRNA with either antibodies against myelin basic protein (MBP) to label myelin sheath, or antibodies against neuwas also detected in neuronal populations of the cerebellum and brain stem, including the cerebellar granular rofilaments to label axons, confirmed the location of paranodin, in rat sciatic nerve and brain stem white neurons, the inferior olive, and the trigeminal nucleus ( Figures 6A and 6B) . Importantly, expression of paramatter ( Figures 7B-7D ). In consecutive transverse sections of the sciatic nerve, paranodin labeling could be nodin mRNA was restricted to neurons, and no specific signal was observed by in situ hybridization over myelinseen to evolve from a ring-like pattern at the level of paranodes to a more punctuate distribution in sections ated fiber tracts in the CNS ( Figure 6A ) or in the sciatic nerve (data not shown).
more distant from the node of Ranvier (Figures 7E and 7F) . MBP labeling formed a ring around paranodin foci when present ( Figure 7F ), whereas neurofilament stainImmunocytochemical Identification of Paranodin Expression in the Adult Nervous System ing was found inside the ring of paranodin labeling (Figure 7G) . Paranodin was never observed in glial cell memThe distribution of paranodin was studied in the nervous system of mouse and rat with an antibody (SL51) dibranes, including those in terminal loops not in contact with the axon, in the outer mesaxon, or in Schmidtrected against the intracellular domain of the protein.
At low-power magnification, adult mouse brain tissue Lanterman clefts. An ultrastructural immunolocalization of paranodin was done in myelinated fiber tracts of displayed an apparently uniform immunostaining of the neuropil. This immunoreactivity was specific since it was the CNS (corpus callosum). Diaminobenzidine reaction product was found exclusively in axons and was strictly abolished when antibodies were preadsorbed on GST-PN, but not GST alone ( Figures 6C and 6D ). Higherlocalized to the paranodal axolemma and axoplasm facing the terminal myelinating loops (Figure 8 ). No immupower examination of the sections showed a low-grade labeling of neuronal perikarya, with locations similar to noreactivity was visible in the axons at the level of Ranvier nodes or internodes. those detected using in situ hybridization, and a more predominant staining of axonal fibers. Stained fibers However, paranodin is not exclusively located in Ranvier paranodes in the adult, since a diffuse low-grade formed short interrupted segments, along nerve fibers, in gray matter and myelinated fiber tracts ( Figure 6E) . labeling of the neuropil was observed ( Figures 6E, 6G , and 6I). Electron microscopic examination of this labelThese aspects suggested a strong association of paranodin immunoreactivity with myelinated fibers.
ing in the cerebral cortex showed a patchy labeling that was mainly present in dendrites or dendritic spines. To understand the relationship of paranodin labeling with the axonal myelin sheath in myelinated axons, we Moreover, the subcellular localization of paranodin might be different for a group of hypothalamic paravencarried out a confocal analysis in the CNS and in the sciatic nerve, which contains axons of large caliber. tricular nuclei that were intensely immunostained ( Figure  7H ), with paranodin-positive, unmyelinated axons that Paranodin appeared to be highly localized to the paranodal and juxtaparanodal regions flanking Ranvier formed typical terminal-like patterns with varicosities. This terminal-like labeling was found in restricted areas nodes in mouse sciatic nerve ( Figure 7A ). In many cases, of the limbic forebrain, such as the hypothalamus, amygcells whose axons appeared almost entirely labeled (Figures 6F and 6H) . In adults, paranodin immunostaining dala, or infralimbic prefrontal cortex ( Figure 7I ).
was only visible in axons in the white matter and the molecular layer ( Figures 6G and 6I) , with no visible labelParanodin Expression during Development The expression of paranodin in rat caudate-putamen ing of neuronal perikarya, although a high level of paranodin mRNA expression was visible in the cerebellar and cerebral cortex was detected by immunoblotting during the second postnatal week, reached maximal granule cells, and possibly in Purkinje cells ( Figure 6A) . A similar change in the pattern of paranodin immunorelevels between days 14 and 18, and remained at roughly the same levels until adulthood ( Figure 5C ). Paranodin activity during development was observed in the cortical and hippocampal neurons with a shift from perikarya to was detected earlier (postnatal day 7, P7) in cerebellum (data not shown) than in forebrain. Immunocytochemisaxons. These results suggest that paranodin starts to be expressed at the onset of myelination, and becomes try allowed a more sensitive investigation of paranodin expression during development and confirmed that, like progressively localized to axonal paranodes as neurons mature. the myelination process itself, it followed a caudorostral progression. No immunostaining was detected in embryos, whereas labeled neurons in the brain stem were Discussion detected by P3, with no visible expression in the telencephalon (data not shown). In P7 pups, perikaryal labelRat paranodin is a neuronal transmembrane glycoprotein, related to Drosophila NRX, and, more distantly, to ing was prominent in the brain stem and telencephalon, with some sharply delimited fiber tracts such as the vertebrate neurexins. The sequence of paranodin predicts the existence of a single transmembrane domain, optic and olfactory tracts, or the internal capsule. The changes in paranodin expression are illustrated for the which does not appear sufficient by itself to account for the necessity of ionic detergents to solubilize the cerebellum ( Figures 6F-6I) , which was representative of the developmental shift in paranodin localization. At P7, protein. Therefore, it is likely that strong interactions between paranodin and other proteins occur in vivo. a transient immunoreactivity was observed in Purkinje Such interactions may involve the intra-or extracellular Second, the paranode comprises a region of high electrical insulation between the nodal region and the periaxodomains of paranodin, or both. We provide evidence nal extracellular space, which is critical for the saltatory for one such interaction involving the juxtamembrane propagation of action potential in myelinated axons (see region of the intracellular domain. The sequence of this Chiu, 1995) . Third, paranodes separate functional doregion of paranodin is homologous to the corresponding mains in the axolemma, as demonstrated by the uneven juxtamembrane, intracytoplasmic domain of glycophorin distribution of axonal proteins, most significantly ion C, which is known to bind erythrocyte protein 4.1 (Hemchannels, in this membrane. For instance, sodium chanming et al., 1994; . To establish that nels, as well as Ng-CAM-related CAM and isoforms of the glycophorin homology domain conferred a similar neurofascin and ankyrin, are enriched at the nodal gap, interaction, we showed that the intracytoplasmic dowhereas potassium channels and a different isoform main of paranodin binds 4.1 proteins from erythrocytes of neurofascin are localized in the juxtaparanodal and or brain in vitro, allowing definition of a consensus separanodal regions, respectively (Wang et al., 1993 ; Davis quence for the interaction with protein 4.1 ( Figure 2D) . et al., 1996) . Thus, it is likely that tight neuroglial interacThese results suggest that paranodin may be linked tions are involved in the sorting of axonal membrane to the axonal cytoskeleton via 4.1 proteins, which are proteins, either by preventing their lateral diffusion, or ubiquitously expressed, under multiple isoforms, and by enriching their local concentration through specific provide a link with spectrin and actin (Huang et al., 1993) .
protein-protein interactions. Interestingly, the 30 kDa domain of protein 4.1, which
Our results suggest that paranodin is involved in the binds glycophorin C , is found in highly specialized neuroglial interactions that take place several other proteins, including talin and the ezrinin the paranodes. The large, glycosylated, extracellular radixin-moesin subfamily, that also link transmembrane region of paranodin contains several domains, such as and cytoskeletal proteins (Arpin et al., 1994 ; Tsukita et the factor VIII-discoidin domain, the PGY motif, and the al., 1997). Additional potential cytoplasmic partners for neurexin repeats, that are likely to interact with other paranodin, possessing 4.1 homology domains, include proteins in the facing glial membrane and/or laterally in protein tyrosine phosphatases (Yang and Tonks, 1991;  the axonal membrane. Interestingly, a protein with a Gu et al., 1991; Banville et al., 1994; Saras et al., 1994) sequence identical to that of paranodin has been identiand merlin/schwannomin. The latter is an anti-oncofied recently as a contactin-associated protein (Peles gene, mutated in type II neurofibromatosis (Rouleau et et al., 1997) . Contactin, a cell-adhesion molecule, also al., 1993; Trofatter et al., 1993) , which is expressed in known as F3 in mouse or F11 in chick, is anchored to the neurons (Claudio et al., 1995) . Finally, the carboxy-termineuronal membrane by a glycosylphosphatidylinositol, nal proline-rich region of paranodin may interact with and can interact with many cell surface proteins, includ-SH3-containing proteins, including tyrosine kinases (see ing L1 and Ng-CAM-related CAM, which are expressed Pawson, 1995). Thus, the cytoplasmic domain of parain myelinating glial cells (reviewed by Brü mmendorf and nodin has the potential to provide a scaffold for a number Rathjen, 1996) . It will be important to determine whether of important structural and signaling proteins in the paracontactin, or any of its multiple partners, is associated nodal region.
with paranodin in the paranodal region. On the other Paranodin appears highly enriched in the rat nervous hand, the ability of paranodin to bind 4.1 proteins, and system, compared to other tissues. However, further its potential to interact with SH3-containing proteins, work will be required to determine whether paranodin suggest that it anchors axonal proteins to the paranodal may also be expressed in other cells and/or is locally membrane. Interestingly, in red blood cells, protein 4.1 enriched at the level of specific cell-cell contacts outis closely associated with p55, a homolog of Drosophila side of the nervous system. During postnatal developdisc-large tumor suppressor protein, which contains ment, paranodin immunoreactivity first appears in neu-SH3 and PDZ domains (Ruff et al., 1991; Marfatia et ronal cell bodies and neurites and , later, becomes al., 1994, 1995) . Similar proteins would also have the concentrated in the axolemma of the paranodal region potential to interact with mKv1.1 and mKv1.2, which of Ranvier nodes. The paranodal region is characterized have a carboxy-terminal PDZ-binding motif (Wang et by a tight interaction between the membrane of the al. Sheng, 1996) . terminal loops of myelinating glial cells and the axonal
The recent description of a close relative of paranodin, membrane. These contacts form helical structures, apDrosophila NRX, provides an interesting perspective on pearing as transverse bands on sections, which attach the possible functional role of this group of proteins. the membrane of glial cells to the axolemma, and pro-NRX is found in septate junctions, where it is colocalized vide a tortuous path from the nodal extracellular space with coracle, a Drosophila gene product related to proto the periaxonal space. The tight interaction between tein 4.1 (Baumgartner et al., 1996) . Although a direct glial and neuronal membranes at paranodes has been interaction between the two proteins was not studied, suggested to have at least three functions. First, it prothis is likely to be the case since NRX and coracle muvides a firm attachment for the myelin sheath to the tants displayed a similar phenotype with a lack of dorsal axon. Accordingly, ultrastructural studies have revealed closure (Fehon et al., 1994; Baumgartner et al., 1996) . highly organized arrays of particles in the glial as well Although NRX is critical for the formation of septate as axonal membranes in the paranodes (Wiley and El- junctions between embryonic epithelial cells and belisman, 1980), which appear to anchor macromolecular tween glial cells, it does not appear to form homophilic complexes on both sides of the membrane, forming interactions (Baumgartner et al., 1996) . Likewise, paranodin appears to be expressed in neurons and to be "transcellular" filaments (Ichimura and Ellisman, 1991). teracts with other protein partners, rather than with itself. Septate junctions, which are thought to be the inverte-GST Fusion Protein and Paranodin Antisera brate equivalent of tight junctions, are not found in verte-A Bsm I-Sal I restriction fragment of clone 12A in pBluescript, combrates. Interestingly, however, there are morphological prising the 3Ј-end of paranodin, and coding for its complete intracellular domain, was ligated into a GST fusion protein expression vector and functional similarities between the structures in (pGEX, Pharmacia), using an EcoRI linker at the Bsm I site. The which NRX or paranodin are found: the ultrastructure of fusion protein (GST-PN) was expressed in E. coli, and purified on axon-glial contacts in the paranodes is reminiscent of glutathione sepharose (Pharmacia) according to the manufacturer's invertebrate septate junctions (Ichimura and Ellisman, instructions and Frangioni and Neel (1993) . Serums SL49 and SL51 1991), and NRX in glia-glial septate junctions is critical were produced by immunization of New Zealand rabbits with for the efficiency of the Drosophila "blood-nerve barrier"
GST-PN. (Baumgartner et al., 1996) . Since true myelination is Tissue samples were prepared as described (Menegoz et al., 1995). proteins in the membrane of glial cells and/or laterally itself.
(Boehringer-Mannheim) and avidin-alkaline phosphatase revealed by NBT-BCIP coloured reaction (Promega). Deglycosylation with endoglycosidase F (Boehringer-Mannheim) was carried out acExperimental Procedures cording to the manufacturer's instructions. Northern blot analysis was performed on a multiple tissue adult rat mRNA blot (Clontech) Purification, Clones, and Sequence of Paranodin with an ␣ 32 P-dCTP-labeled random priming mix based on a 1.6 kb Seventy rat forebrains were homogenized in 1% N-Lauryl-SarcoHind III fragment of clone 9A (residues 1721-3309). T3/T7 sense and sine, and the solubilized glycoproteins were purified by ConA sephaantisense 35 S-riboprobes were prepared for the 400 nucleotide 5Ј rose (Pharmacia) affinity chromatography. Following preparative end of clone 9A. In situ hybridization was carried out on 15 m thick polyacrylamide gel electrophoresis on a 6% gel in the presence of cryostat brain sections obtained from adult OF1 mice and OFA rats, SDS, the 180 kDa glycoprotein was identified by amidoblack stainas described (Fontaine and Changeux, 1989) , with few modifications ing, eluted from gel fragments and partially digested with trypsin.
( Lebrand et al., 1996) . Resulting peptides were separated by high-pressure liquid chromatography, and 10 were microsequenced by Dr. Dalayer at the Pasteur Institute Protein Sequencing Facility (Paris). An exact oligonucleoImmunocytochemistry, Confocal and Electron Microscopy tidic probe was constructed by reverse transcription-polymerase chain reaction, using the sequence of the longest peptide (positons Adult OFA rats and C3H or OF1 mice at E17, P3, P7, P15, or as adults were deeply anesthetized and perfused with 4% paraformal-1032-1058, Figure 2A) , and used to screen a rat striatum cDNA library (Stratagene). Six positive clones shared a common restriction dehyde in sodium phosphate buffer (0.1 M, pH 7.4). The brains and sciatic nerves were postfixed for 24 hr, cryoprotected in 10% pattern. Both strands of the two longest clones, 9A and 12A, which had a 643 nucleotide overlap, were sequenced by dideoxynucleosucrose for cryostat sectioning (15 m) or 30% sucrose for freefloating frozen sections (40 m). Antiserum SL51 was used at dilutide method, in part following nested deletions in M13, and in part by automatic sequencing (LARK Sequencing Technologies Inc., tions ranging from 1:250-1:4000. Immunoperoxidase staining was performed as previously described (Lebrand et al., 1996) . Double Houston). The complete coding sequence was reconstructed from clones 9A and 12A, using an Afl II site, and inserted into pCMV2, immunostaining was done on cryostat sections using SL51 (1:500) ϫ18,200) at the level of a Ranvier node, the diaminobenzidine immunoprecipitate is densely concentrated in the paranodal axolemma (pn), with no visible reaction in the nodal plasma membrane (n). Paranodin immunoreactivity is seen also in a transversely cut axon (arrow) in contact with paranodal loops, but not in axons surrounded by compact myelin (arrowheads).
(B) Detail of a paranodal region (ϫ45,000) showing labeling of the axonal membrane (arrow) facing the glial paranodal loops (one of which is indicated by an asterisk). The labeling of axoplasmic organelles is likely to result from a diffusion of the diaminobenzidine. No immunoreactivity is seen in the internodal region (in).
combined with monoclonal antibodies against either MBP (Boeh
